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Solid-Liquid Equilibria in the System Si3N4-AIN-Si02-A1203
I. K. NA~K,a.* L. J. GAUCKLER, and T. Y. TIEN

Department of Materials and Metallurgical Engineering. The Unisersity of Michigan. Ann Arbor. Michigan 48109

Soiid.liquid equilibria at 1750’C and subsolidus phase relations The early worVon phase relations in the system Si ,Al/N.O
In the system Si .,N,.AIN.S102-A 170, were determined for the concerned the formation and nature of the /3-Si3N1-based solid
composition region bounded b~ the /3-Si:,Ni solid solution line solution (fJ-ss ) and other solid phases in the system. ’ 4  The first
and silica-~ilumina join. X.ray diffraction ~nd optical micros- detailed study of subsolidus equilibria was reported by Gauckler
copy were used to determine the phases present In specimens t-t a!.~ who found that, at 1 760cC. adjacent the SiO~-rich side of
cooled rapidly after equilibration. The extent of a single liquid. thc /3..cs phase , a 2-phase region (liquid--/3-ss)existcd. However.
phase region and the tie lines for the /3-solid solution+ liquid the solid-liquid equilibria were not studied in detail. Land ef a!.6
field at l75O~C ss ere established from quantitative X.ray reported that li quid in this system was confined to the region close to
diffractometry and lattice parameter measurements of /3-solid the Si02 comet and that there was no region where / 3-as and liquid
solutions in equilibrium with liquid. The results were corrobo- coexisted at I 800 C in their pmduct or quasi-equilibrium diagram.
rated by optical microscopy and melting behavior observations. They also reported that the x, phase does not melt at <1800°C.
A ne~ composition, S117A1,,039N,, is suggested for the x, Layden 7 proposed a tentative liquid-phase field using differential
phase. The loW est melting temperature in the system is thermal analysis(DTA) nd microstructure obs.ervations.Theliquid
‘=1450 C and the corresponding composition is 10 eq% Al- fieldextends fromtheSiO~comerand ineludesthc x,compositionat

90 eq t% 0. 1750C. The x , phase reportedly melts at m1720’C. A large
/3-as — liquid field is also indicated at 1750°C. Layden had difficulty
in getting reasonable signal strengths during melting due to foaming

K. Introduction of the liquid at the high temperatures involved. Therefore, an
I”IERAMi( material-, based on the system Si ,Al/N,O are currently altemative method of quantitative phase analysis by X-ray powder
L.. being considered as one of the promising candidates for diffractometry on a series of well-selected specimens should prove
structural application in an energy-e(ficientgas turbine . Hoskovicei to be a more reliable method of studying solid-liquid equilibria in
a!. ’ showed that Si ,N ,-baccd ceramics can be made by pressureless this system.
sintering. Since Si .N,-based materials have significant covalent
character in their bond scheme . sintering to high density via solid II. Experimental Procedure and Observationsstate diffusion is not possible. Therefore, the alternative possibility
of sintcnng in the presence of a liquid must be considered. For a The starting materials used ~cre aluminum nitride.’ silicon ni-
liquid-phase sintering process . it is necessary to understand the tride.: alumina.’ and silica.’ Th~ os>geri Contents of the nitrides
solid-liquid equilibria in this system. Since such information is ssere considered in making up the compositions. Mixtures of dif-
scarce in the literature, a study of these equilibria was undertaken. ferent overall compositions in the region bctv.ccn the j3-s s line and

silica-alumina join were made using aluminum nitride-silica-

Presctned ai th, Fall %terslnf of ihc Rj.i~ S..uencc and Nu ,lear Ds’.,u,,’n,. The
Amen.~an (‘etam,, ~~~~~ ~~~~~~ Mj.s - Sepicmbrr 26. 1977 fPaper No 13 ‘HCST2633ict mb n6dos tcn .  2 1u1’; i N C Siar.k.Gu ~ia,. Fcderai RcpuhIi~
BN -771i . .-cf Gmman~Rc~ei~cd Sqaemlwr 2. 1977. msoed ss’p~ m.cised January 2.;. ~q75• :Ctcnir,ilie~)phasc 9~. 0Si .N,— KSat ’ .. -Si ‘5.~. 12vi ’7:cnnibincdunype r, I

Suppnevd by stir U S Ait Force Offi~e uI S~ie ,W,ik Rc~earc h under Grant No. oi , . Ka~ eiAi .BeryL o InJu%tr,e, . Urn. - Read,nj Pa
AFOSR -76-3079 sLinde A ‘r caLm ed alumina A~ IA. - -~ $ ~ s 51.0,. Aluminu m Cu. of Anoi n~a.

Memb,r. Iht Amerp.an Ceramic Soc pei~ ~~~~~~~~ Pa
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S.02 U *1203 tore and composition of the loW est melting point. The fired speci-
10Cr

5- S. raphy. to determine the number and type of phases present An
• _5... —--—-.-——---

.-,-r,-—-. 
mens Were examIn ed maunls by XRD , and in some cases metallog-

L 
~~~~~~~~~~~ - 

automatic record ing dlff ractometer With CuK a radiation al 40 kV

~Ø 28 at a rate of 2 /nun. Firing conditions and phases present in- and IS mA was used . The samples were scanned between 10 and
S

various specimens after firing are given in Table l.,,/
‘,/ / 

Standard quantitative X-ray powder dlffractometiy a was used to
determine the amount of / 3- cs in the selected specimens in the

so ‘fts~~.L : i /3-s.c -~ liquid field to establish the t ie lines in this 2-phase field
/ - 

at l750C. [he specimens Were ground into powder for this pur-

/ , ‘ s , , pose. Calibration standards isere made using 10 wt% alumina as an
- . internal standard With different amounts of single-phase /3-cs pow-

s~~,o I / der and silicon poWder as a filler. Alumina could be used ss an
20 

/ 
~~~~~ internal standard because the specimens in the /3-ss + liquid field

contained no alumina themselves. Initial trials using integrated
intensities of the diffraction peaks scanned at 0. 2’/min showed that

50 20 30 40 so ~ ~ 80 ~~ 
no substantial improvement in the analysis was achieved by us ing

Si3N4 EOUIVAL.(NT % 61W the integrated intensities instead of the peak heights scanned at
2 /mm . Therefore, the peak heights in the diffraction patterns

Fig. I. Part of isothermal section of the system Si cNeAIN- scanned at 2 /mini Were taken as a measure of the concentration of a
SiO~-AI~O, at 1 750 C showing solid-liquid equilibria: given phase in a pocc der mixture .
/J-ss =/3.S,,N,-bascd solid soluiion, M = mul lite (3Al~O~,’ A calibra tion curs e of the peak-height ratio vs wt% /3-.cS was
2SiO~). I. = liquid made from the diffraetorneter traces of the standards. The peak-

height ratio here refers to the ratio of the peak height of (301) or
(321) reflection of /3-as to the peak height nil (012) or (113) reflec-
tion of the internal standard a-Al:Oi. The experimental error in

alumina, silicon nitride-silica-aluminum nitride , and silicon ni- detemsiningihe amount of/3-s.s by this method isestimated co be ± 4

tride-aluminum nitride-alumina as starting materials. The first v.t% . The composition of /3-s .c in t hese sclected specimens was
determined from the change in the /3 -cs lattice parameters. For this

group was the most commonly used since aluminum nitride-
containing mixture s equilibrated more readily than silicon nitride- purpose , a ca libration curs e was made 3 for lattice parameters vs

containing mixtures 
eq% Al in different hot-pressed singk-plia se /3-s-s standards. The
scanning rate on the diffraetometer used for the lattice parameter

The selected compositions were made by milling the requisite change measurements was 0.5 /mini . The basis for determining tie
amounts of starting materials in a tungsten carbide jar with tungsten l ines in the /3-~.s + liquid field from the amount and composition of
carbide balls and high purity methanol (<0.2% waler) for 30 to 60
mm Ii ~ as found that the nitrides (AIN and/or Si,3N4 are hy- 

/3-cs in the fired specimens of this field is discussed in the next

drolyied. and thus pick up oxygen, if a significant amount of scaler 
secl ion.

is present in the grinding medium. ‘fherefore. contact W ith water
must he asoided during milling to preserse the overall composition Ill. Resu lts and Discussion
of the as-weighed mixture . Tungsten carbide impurity introduced
during milling scas <1.5 wt%. The milled mixture scas dried in Solid-liquid equilibria at 1750 C determined in this study are
shallo~ glass disks over a laboratory heater and cold-pressed into a shoW n in Fig. I in equivalent percent representation.3 At this temp-
pellet (1.3 cm in diam. by 1.3 cm thick) at 110 MPa. The pellet erature c phase is molten: evidence for this is presented later. Tie
was put in a boron nitride crucible and, in most cases, packed in lines for the /3-s.c + liquid field and the corresponding part of the
poWder of the same composition to minimize weight loss ii- the liquiduseurvewereesta blished froni the compositions and amounts
pellet during firing of/3 .ss in selected specimens which had overall compositions in this

Firing was done in a nitrogen atmosphere in an induction furnace 2-phase field. This derivation was possible because , during cooling
using a graphite susceptor. A small nitrogen flow ssas maintained from 1750 C. no sign ificant amount of /3 -.s .s crysta llized from the

dunng firing. The heating rate was 350’C/min and various holding liquid phase as shosc n by the fact that compositions lying just above

times were used at different firing temperatures. Temperature ~ as the liquidus curve (solid line I in the all-liquid field showed only .c~ as

measured wit h an optical pyrometer. The specimens scere furnace- the crs stalline phase . No /3 -sc was detected in these specimens by
cooled at a rate of 250’C/min to b oot. Further cooling to room XRD. The minimum concentration of /3 - sc that could be detected in
temperature was some what slower, synthetic mixture s ~as 3 ~~~~ WhI ch means that those composi-

The specimens selected for quantitative measurements were lions W hich are tota ll y li quid at 1750 C partially crystallized into.r ,
those that shosced minimum Wei ght loss when fired and that gase and the rest remained as a g lass and that <3 wWs /3-as precipitated
equilibrium phase assemblages. Equilibrium was assumed to hase during cooling.
been attained sc hen the number, type. and amounts of phases. ~ Another feature indicating that no significant amount of /3-s.c

determined by XRD. did not vary with time at a fixed temperature . crystallized during cooling in the 2-phase (3-.cs + liquid field is the
Equilibrium was also confirmed in some selected specimens by fact that Iwo com positions ly ing on the same tie Iin~ but containing

obtaining the same type and amounts of phases from different significantly different amounts of liquid at e did not give
starting materials for a given composition. Whenever a substantial different lengths of the tie line. These compel pairs are iden-
amount of liquid (> about 10% ) occurred at the firing temperature . tified by the numbers 5,6; 7.16; and 8.30 (Ta~. - The part of the
equilibrium was readily achieved, typically within 15 m m .  liquidus determined from the X-ray results i sented by the

The use of packing powdcr. rapid heating, and short holding time solid line in Fig. P It matches well with the n1~~I - ig behavior and
at the firing temperature kept the Weight loss in the pellet at < i ~~~~~ 

microst ructura l observations. A similar deterniination of lie lines
in most cases. Hoscever. compositions containing >40 eq~ 0 and for the SI5N2O-s.s + liquid field and the corresponding li quidus could
<40 eq~ Al undersc ent large weight losses (Sb 15%) Whe n fired at not be done since liquids in this field crystallized Si2N2O-s.s on

I 750’C. Esccssis -e weight loss did not occur at � 1650cC. About 50 cooling and the specimens in this field showed large weight losses
compositions, ly ing in the area above the /3 -sc line in Fig. I. Were by vaporization when fired at 1750’C . Therefore, the hquidus here

fired at 1750 C to establish the isothermal section representing was determined from the melting behavior and microstructural
solid-liquid equilibria. Some selected compositions were fired at ‘Fn~ Table U. order ACSt) i4~ In’m Data Depoaiiw~ Serv,cc, The American
� 1650 C to determine subsolidus phase equilibria and the tempera- Ceram ic Sociely. 65 Ce,amsc Dine. Columbus . øhio 43214.
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Table lb. Lattice Parameter Changes in alumina + liquid fields were deduced from the phases present in
Si2N~O Solid Solution the tired specimens as determined by XRD and are also shown as

Ciimp ~~~~~ dashed lines. The extent of the liquid field found here is in
Al (eq ’i ~~~~~~ ,, .~~ 

, 
~~ reasonable agreement With that tentatively proposed by Layden 7

0 2 5 5  8.890 5.488 4.857 from DTA and microstructural studies. HoWever , the shape of the
2.5 26 3 8 895 5.507 4 857 liquidus is quite different , particularly for the /3-sc — liquid field.
6.3 30 0 8.906 5.529 4.859 This field is larger than Layden ’s and its liquidus curves more

_________________________— strongly toward the N2 -rich compositions. The solid solubility of
Al in Si:N~O was determined from lattice parameter changesof the
single-phase specimens and the appearance of secondary s and

observations alone: it is drawn as a dashed line, indicating a some- /3-s.c phases in the neighboring compositions. The lattice parameters
w hat larger margin of error. of Si,~N2O-ss are given in Table II.

Some of the specimens (Nos. 10. 4 1 .43, and 44 in Table I) that ThecompositionSi 2 A1~~O,~..N,,(i.e. 2S .5 N1-9A 1205 -6SiO2)gave
experienced large Wei g ht losses in firing were dissolved iii a borate the highest peak intensities for the x 1 diffraction pattem and showed
glass made of equal weight proportions of Na2B407 and LiBO~. The no other crystalline phases after firing at 1750 C. Microstructura l
glass samples Were then analyzed for Si and Al by the electron observations shov~ed that this composition contained less glass than
microprobe analyzer and for Na content by wet chemical analysis. 50 any other compositions having .c~ as the only crystalline phase.
In this analysis . NH1 W as liberated from the specimens by dissolr- Furthermore, when fired at l6505C this composition gavc x 1 phase
ing them in lithium hydroxide. The NH:i liberated was determined only.  w hereas neighboring compositions contained secondary
volumetrically using standard H SO4 . The analyses showed that Si. mullite or fl-ss . Therefore , it is suggested that the stoichiomet nic
N~. and 02 W ere lost by va porization but that the Al content of the composition of.c , is Si I.~AII,0.c.,N~. When heated to l750~C, this
specimens increased. As a result, the overall composition shifted composition spread freely in the crucible (like a melt). An optical
toward the AIN corner. micrograph (Fig. 2) of a polished section of this composition shows

The segments of the liquidus for the mullite + liquid and the large. elongated c grains, w ith some glass present along the grain
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boundaries. A few light-colored /3-as grains (estimated as <2 vol~~) References
which apporently precipitated from the e 1 phase during cooling are S 8oskns,~. L I Gaucklc,. C Petiois . and T V lien. Reaction Smmcnne

Forming B.Si 4N , Solid Solumionu in the System Sm .AI./N,0. I,” Powdvr Mewilalso visible. Thus, if this is the single-pha.se x 1 composition, the ,~~ . 9 i4~ 85-89 (1977)specimen must be completely molten at 1750°C since the specimen ‘ Y.0>amaand () Kami~ ait o S- --~.dSoIubi lry ofSccmeOcidcsmnSi ,N,.”Jpn 1.
fired at this temperature showed no other crystalline phases in the 4Pç! Ph~ 1 0 1111 637 1971 i

K H. Ja.k and V. J Wilso n. - Cnramks Based on the Si AI’O.N and RelatedXRD pattern . The melting temperature of the x1 phase is estimated Systems . \uc, ,i l L , , c J  Phs .i 5- 23$ (60] 28 2d1 11972 >.
as 17205C. This composition lies on the line joining Si.JN, and ‘ homc h iOa m a .  Sol d S .Iunon in he Tcrmm c~ S~ ste m Si aN, AIN-A IP4. ”Jtmn J

Pb 11(5 1 ‘6~)- - 6I Imullite (3A1303 ‘2SiO2) compositions. L I Gauckier Ii L Luk .as . arid (3. Pet,ocs . Contribution to mhe Phase
Subsolidus phase equilibria in part of the system are show- n in Diagram Si N, Al ’s-A l t) .S:() . 1  4”, (c ~ c ’,m So 5$ 17-81 346-41 (1915)

Fig. 3. The lowest-melting composition is 10 eq% Al -90 eqc~ o P L Land . I St V. mmci. N ‘A Burns. and S . S (houdhury . “Compounds and
Properties of ihe Si- St -Cc -N Ssstrrn - 1e~h. Rept AFSIL—TR-15-209. Air Forcewhich melts at 1480cC (~~20°C . The evidence for melting in this \jater ials Labtirators . Wngh’ .Patmersoi AFB. Ohio, 916

composition is seen in the scanning electron microgTaphs of the (3 K Lay den. Pn,cecs Des:> pment for PrescumnIess Smntenng of SmA1ON
fractured surfaces (Fig. 4). The specimen fired at 1450°C show- s no Ceramic Components. Final Tech Repi . R75 91072 -4 . United Technologies Re-

search Center. Fast H ar t ford Coon 976.rounded pore s, w hereas the specimen fired at I 500°C shows such • H P KIug and L F A Ie~onde r. \ Rim > Diff raction Procedures for Polyciystailine
pores which occur when densification takes place in the presence of and Amorphous Slair riats . 2d ed - pp. 531-62. Wiky.Interscience. New York . 1974.
a liquid. The appearance of the specimens and the extent of densiti- L. I. Gau5kler. PhOs: F..ucI.~ ria Siudies in the System SI.AtJN.O and

Si.Al.Be/N .O . S~ D Thesis. Uniser, it ~ of Stuttgart . Stutiga rm . Federal Repubimcofcation also indicated a large amount of liquid in the 1500°C-fired t~~rmany I’.i76
specimen and little in that fired at 1450°C. C. GIaescr~ prica ic



Reaction Sintering Forming 13-Si 3N 4 Solid Solutions
in the System Si,A l/N ,O:
I. Sintering of Si02-AIN Mixtures

S BOSKOVIC’ . L J. GAUCKLER’ . G. PETZOW” wmd T. V. TIEN”

Abstra ct 1 ~~2~— ’ b3~°C> p.o prsaue mo’rt~ed l+gh vapor pressure of the kquid in the Specimen
Pc acFon sintering of ~-S’3N~ so- c no tion co-ta liii; 6 t  eq, ~a.ent perceit cia .. ..~ :s~seO °ea iy we 3 - t  loss aId rienCe redo:’ on in acparent density. At higher tempera-
ii the system Si.Al/N ,Owas a’~es: ;a:ed The starting r~ae -  u.s used to’ thIS s~..oj  ~.S’e ~ -es a030e 1830C’ . large quantrtg of SquiC sealed open pores and pi’evented material
3uart z form of SO5 andAIN. The results ca rt discussec ott :rte basso ’ ch em :5 ‘55:- oss T I-s - :~ d tac .Itated densificat.on atro chemca l ‘OSct.on
ton . vaporization and der.sf:aton - A’ :. ‘~ temoe-a .. res 1400. t dC0’C~ :~e ca \o 0’! ‘-e ce- is ~cu~on mas observed wher’ s.rc ;!e phase 13-Si5N4 s~~d SO(ulio7 ,~as sj fl .

re action took place and resulted ri porosity rrc’eaue At i - :ar”-ed ate ierrCerat.. -e ‘tv’~.a te ’ed

Herstoliung von ~ - SI 3 N~ Misehkristallert durch ReaktiOnssintern e ’ei ro’re’ Dampta-uck zu ernem starken Gewchtsver lust urid darnit zu om en slarken
Es wurde das Reaktionssinterrt von 

~5 - S 3 N. schk’is ’.aJle” mit 60 Ac~ v s e ” .~ ozu : A:°ur’rre cv’ schei~7a~en Dichte tuhrt. Be hoheren Temperaturen (Uber 1800°C> ver-
AIuminium rn System Si. AlaN 0 rets :ht DIe A~s~a g s ~~aterialien °~r de ns A’oe n e35 t e rie ;rort e r.’eoge fk~ssiger Phase dIe olfener Poren und verhindert so den Mate-
war en Si03 in Quarzform und AIN D o E’ge::.sse kOn~a” auf der Bas s C~s--i.s. ’e ‘s : - ,s- ,,st Be ScIrmelze erleichtert aul3e-de m die Verdichtung und die chernrsthe
Fleaktion”,,.Verdampfung” urr d - .Ver c- ohturr ; d,skI,ter t  .‘ierden. Be t e e - i  T e -  Ce rCta- Pea et o rt
ran (1400-1600°C) ltndet chern s:he Reakt:on stall die z~ eirier Pores a :se ’c ~~ flg ( e e oderger inqeVerd ichturrgw irdbeobac”tet . wenneinphasige~ -Si1N4 Mischkr staIIe
tuflTt . In einem mitteren ’Temperat ..rbe-e ch I 600- 1 8001C) bIdete sich Scdr rtre z ofiase ;es ‘er. werden.

Production do solutIons solides do ~ SliNv par I rtttage avec reaction
Le rapport s’agft do trittage par reaCtio n des SaIutJonS de 3~S 3Nu conterrant 63 ~ ar onri’ a/s  te’rsic.’r de vapsur produit une ‘orte pecte de pair) ainsi qu’uno dimiriut,on do a den
b~uivalentd’ aIuminium dana le sy sèmeS i . A : N.0 LesrCsu l ats 53rd dib:-j téS e- :er es a ~h Aux ha_ las ternoératures (au dessus dcl 800°C> a grande quantité de ~quide qui se
do “reaction chimique” , .Avapo’a’on- et , re :racsseme”t’ , . Aux basses te”- :s’at. , ’es : ‘oO ji t.  ferrr’e les pores ouvertes ernpAcha-r t I b-iaooration La phase tq5 de accAlA re
1400 — 1600°C) Ia reaction c c~irc .C.Je se OtOd,.it. rés,J-tar.~ danS one a-J~ I5-d5 . on ce (a a~ss- le ret ’acisser”.ent den pores el la réa:’jon cPs ’nique

porosi!e Aux moyennes temp it-at.’es (1 500 — 800’Ct in p1559 liqu de Se ‘o’r”u do”t Ia O~ :bSS’ve an retraoissemeol t è s  f u ble p., Sir) sout ement a solulion fI SI1Na est fr ttCe

Introduction
Solid solutions formation of 3-S13N4 containing metal oxide has been rep0n~ed i

, 
tiouici ‘oi t a  us ‘c

ri the system Si3N4-Al203 independently by Oyama and Kamiga:to t arlo Jack2 .
Both reported extensive solid solubility of A1203 in ~-Si 3N4. In later publc.ntic’is
these authors reported the extent of solid solutions in ternary sJstems Jack7
studied the system Si3Nim’SiOs~At aOa ar-.d Oyamaa studied the systerr Si3 N4- Sc$ .2 0N 2
A1503-AIN. Both of their phase diagrams showed wide ternary solid solu’ or
regions. N MULLiTS

The solid solution formation of A1205 in Si 3 N4 requi’es either non-metal :te’st!- B ‘$‘J
tials or metal site vacancies ri the ~-Si 3N4 lattice. Oyama4 suggestec si(~ con
vacancies to explain his resu s It was suggested that these attice oe ’u.cts B’S
facil tated ionic diffusion , hence the sint ering of these Solid solutions zecame B-i. s 4 

- - 
I.. p aDa A a Ai 203

possible. - .,

Gauckler , Lukas and Petzowt re-e xamined the system Si3N4 -A1203 at 760. C a
They considered that at high temperature s , the reaction Si~N4 — 2A ,O, = i

i

3SiO3+4 AIN may occur. Therefore , the system Si3N~-Al2O3 was treated as a -

quasi-ternary reciprocal salt system Si3N4-S102 -A IN-Al203. A represelta : on ( i /S  - . - - ~~~~~ c a rmen uNI
of multi-component Si3N4-based systems containing metal oxides was given \ 

- -

elsewhere8 . a c~to i~s )..
Gauckler et al.5 were not able to repeat tie results of Oyama4 end Jac~

3 . Ac- ~ o.i \ ‘‘ ‘
~~~~ amma n

cording to these authors, Single phase ~-SI3N4 solid solution occurs between \ _ ~ I
SI3N4 and A1203. Instead , single phase solutions were found to be restr oted to
a very narrow region along the line Si3N4-(AIN:A1503 > . The phase dia;’arri is
given in Fig. 1. These solid solutions have a fixed metal to non-metal -atic of

i “n t  ‘n—c .’ . (n/at • c t c , or Cviii .Cnu il iki Pt,.~~

SiC~2 , 
3At20j~ Si02 A 1203 

C .;-,” u’ i’. S1,inn ‘ . i r ,~

— — — — -7 - 
~~~~~~~~~ 100 ~ g 2 Th~ sys er’n Si ,N~.SiO,-AJN-Al 3O, Ii mole percent afte r Land et a>’.

~~‘ 
, 

— ii
~ . ~~~~~~ // 80 3:4 and hence do not require the existence of lattice detects. Five new phases

\ // / were found on the AIN rich side of the system Si3N4-SiO2-A~~-A~O3. Allot th-
,~~
‘ / ~h/ / ~ ese solid solutions have fixed metal to non-metal ratios. Between the ~-Si3N4

/‘ I \ / 
c 60 solid solution and the Si02 corner, at 1760°C , 13-phase anda bquid phase are in

/ equilibrium. As the temperature decreases , X 1 crystal~zes.
I 

- ri a recent review. Jack’ revised the phase diagram for the system Si,N4-
- I Al,03. The diagram was presented as a reciprocal salt system. In general, the

I diagram agrees with that of Gauckler ’s as shown in Fig. 1 except that the loca-
lions of the AIN rich polytype phases - are slightly dIfferent.

~~~~ 
~ 

/ 20 Similar polytype phases were also reported by Land at al’ In the system
Ss . Al, N.O Fig. 2). However , the compositions of these phases are again dif-

0 

tenant from both of those reported by Gauckler et al.5 and by Jack’.
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and densification during srn:ering of ~-Si3N4 solid solution using Si02 and AIN
as starting materials The s ntening behavior using other sets of starting mate~
rials will be reported separately. Single phase ~>-Si,N4 sotid solution powders
were also sinlered and the results are reported in this paper.

Experimental
‘5
\ One mole of quartz form of Si05 and 2 moles of AIN powders (where x = 4 in

the formula Si,..,Al,O,N8 ,. 60 eq ‘a All were mixed ins hard metal mill under -
4~ \ fluid. The mixtures were dried and then compacted under an isostatic pressure
\ \ of 650 MN/rn2 and were then fired at temperatures from 1400-1 950~C for dii’
“ \ ferent lengths of lime (0-180 minutes) - The heating rate of the furnace was ab-\ ‘5\ ‘5 

OUt 400°C/minute . The furnace was cooled from 1900°C to 600°C in about 3
minutes.
In the early stage of this investigation , the compacts were heated in a carbon\

~~ \ I resistance furnace under Vowing nitrogen. Later, an induction furnace with
i \ graphite susceptor was used. During firing, the samples lost weight arid the
I compacts became porous skeletons of AIM and AIN-polytype phases”, It was
I found later that heavy weight loss could be prevented by packing the compacts

\ in loose powder of the same composition. The experimental arrangement used
s•5’ —, —, ~ ~‘ for this Study are shown in Fig. 4.

— 

Sample weights were measured before and after heating. Apparent porosities
of the Sintered samples were measured using liquid absorption method. Rela-
five bulk densities were computed from these data. Phases present rifler heat-

— ing were detected using x-ray diffraction.
Fig. 3 The system Si 5N~SiO,’AJ N’AJ,0, irs mole percent after Layden ’. Results and Discussion

Sinterlng of S102-AIN Mixture: Nitrogen concentration of the powder mixture
(1 mole of SiO, and 2 moles of AIN) after milling was analyzed’2 and was found
to be 18,6 WI. % This figure corresponds to a concentration 01 60 eq. % of Al

Liquidus temperatures in part of the system Si,Al/N ,O were determined by and 48,5 eq. % of oxygen which is slightly above the single phase (3-S13N4 solid
Layden9 using DTA. He found that low melting compositions were located in solution with 60 eq. a, of Al ri the phase diagram. The correct oxygen content
the Si02 corner of the diagram (Fig. 3). Should be 40 eq. 0/,

Melting of some compositions in the system Si,Al/N,O has been reported ear- For each sintering experiment , a new powder compact was used. The density
tier 5,’0. It was proposed that the presence of liquid phase at high temperatures as a function of time between 1400 and 1950°C is shown in Fig. 5. Density de-
facilitated derisification, Layden5 introduced the term “transient liquid phase crease was observed for all specimens in the range from 1400 to 1800°C.
sintering” . It was proposed that initiaUy, a liquid was present which accelerates Large shrinkage occurred between 1850 and 1950°C.
densification and at the later stage , crystallizes to form single phase dense Weight losses after sintering are shown in Fig. 6. Very low weight loss was ob’
13-S13N4 ceramics. served for those specimens heated at 1400, 1500 and 1600°C. 1700 and
The formation of 13-Si3N4 solid solutions in the system Si,AIIN,O from the st5i’t 1800°C sintered samples showed higher weight losses . A reduction in weight
ing materials (e.g., Si 3N,-AIN-A1203, etc.) should lower the total free energy by loss was observed for specimens healed at 1850 and 1900°C. From the weight
(1) completion of the chemical reaction (2) reduction of the total surface area of loss and sintered density results , one can conclude that liquid formation occur-
the particles. This may result in densillcation as well . However , a density de- red during sintering. Above 1600°C. higher vapo. pressure of the liquid re-
crease (Or porosity increase) could also be expected depending on the relative
density of the reaction product in comparison with the starting materials in the
compact.
Because the phase equilibria in the system Si,AIJN.O have been established5 ,

Ie5~ cone of the 13-Si3N4 solid solutions was chosen for this study.
Compositions Si5_ ,A~O,N9_ , can be formulated by mixing either Si3N4, AIM
and A1203 powders or Si3N,, AIM and Si02 powders. For one particular corn-
position, where x = 4 , the starting materials can be Si02 and AIN only. Different
reactions mechanisms would be expected for different sets of starting materi-

a

a~.a ,. AilS

I

ala , hence different sintering kinetics. This paper reports the results of reaction

4’
~

’-

~ 
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Fig. 5 Isothermal density changes of SiO,-AIN powder compacts after sinteninig.

Fig 4 Experimental affangement and the sintering results of f$-Si,N4 solid solu son
from mixtures ef S 5N,, .41N and ,4I~O, at 1800°C for one ltOur ’°, suIted in higher weight loss. Above 1600°C, the amount of liquid formed was

__________ more in quantity and was enough to seat the pores in the specimen, therefore,
~~ Loft Sintered in nerog.n.rn-oopir.r. Th.c~ nt e, biackcore was sin~ epMse f’Si,ia, win sev~ton reduction In weight loss.
a”C “is akin was id,nbC.d as a mal i/lot X~. X, axiS Ai lS (s

~~ phase (Sa g/sm iii Fig I I iri s r.s,ait w The above results can be substantiated by the microstructures as shown InCA ’OS 5511 SmO III 011 during trin3
105 ri ght, Th. aplomb was packed ri 0050 powder sI lks urns composition daring fr og Fig. 7. Fini grain materials are shown in the samples fired at 1400°C. Open
8’/’r’~’n fgures strew cross siser. ’rr’ 111 .rrang.r~snis Ttm..mS.rrr. 1111 was in mowing r.rrOgeo ‘mr. channel structure Is present in the 1700°C samples and closed pores only ex-
aer~—-j /511115 tr.d nstsfiCr.’.ro5.’isrrd ti51tlwd wis kr .d iii a Covered Lumir,. (rucab. I tr , I i / r ,nr.  isted in the 1900°C samples. The open channels are responsible for the heavyr.g’i’ $~Owaitil Ipsc,rn.mn pocket ri oO..powdsr of its. Iern.co’nposeoa, Weight ioes.s a’lSr 000 hOurof rearing am 1500-c c.c~..s. , 1-em i.e to rigs, weight loss In the intermedia’e temperatures.
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:.iter sintering. part of the specimens were pul- ~~~~~~~~~~~~~ 
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?‘
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~rized and the amount of phases present were -
. • -  ~ a’ -

easured by Comparing the intensities of their x- 1500°C m 17003c lh 1850°C lh.~y diffraction lines with those of a hot pressed
~..igle phase material prepared earlier”. Fig. 7 Micros tructure of sintered compacts.:eak he ights were used to compare the quantities of phases in the specimens.
rie results are given in Fig. 8.

I/L.s * T~ 1I~O0°C fl . a

773 - S O~+2 t N0t  
‘0’ 01 Itt)  of

Al~0~ 772 - 
: ~~

- ‘.4

80~ 
-

- . Ta 1700°C 
7.69

60 
~~~~~~~

___ ________•__________, 
768 - 

-

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ :‘::
- 

80 
~~~~~~~~~~~~~~~~~~~~~ Ta 1900°C 0 lhn 

TIM E 
2Pir 31w

Fig. 9 Chai ge of Ix~ ice ~x sme?er as a func~on of sintering bme atconstanttempera-60 ture.
‘ 

4 0 -  __________________________

(0) 
~‘. i- oe

20~ At~0~ ~ 0.7
_____ -. - - .--...--- -—--‘~~~o 15 30 60 120 tlmini 180 ‘- O s  .

-g 8 Phases present after scntering . 0.4 
• $(Co2) line

~ 0.3
- .  ie results showed that the reaction Si02 —4AIN Si3N4 + 2Al 3O3 took place O 2 ’ ~~ ,~,,-‘-“ $(320) Ila5S ,~
I the beginning of the process At 1400 C the amount of crystalline Si02 de 0 I ~‘

-.reased rapidly and ~-Si3N4 and A1503 formed already during heating.lnter- 
-mediate phases appeared during the reaction. X , was observed first and de- SIN1’ERiNG TIME (hJ

creased in quantity. X5 was also observed and persisted until the longest time o. r 
(bi.ised in this experiment. In the intermediate temperature range, the 1 700°C o.s . roo c

:urve is representative. At shorter times , the reaction was observed to be simi- o.s - 1/ \
rsr to that at 1 400°C. However , after prolonged heating, material loss resulted. 04 - / ~ \stoo2 ni

rho decrease of a-phase and increase of X2 indicated some oxygen containing 03 - / ~<
‘

,omponents were vaporized. At 1 900°C. after 2 minutes of heating only 
02 1_A~~_ ~~~~~~~~~~~~~~ 

;‘Si3N4 was observed - 
~ ,~~~ iris

All phases In the system Si.Al/N,O should have been observed during the 0.1 - _
‘aaction between Si02 and AIN. Probably, because of kinetic reasons, some of - 2 3

~ie phases were not observed Low melting liquid (<1 500°C) has been ob- SiNTERING TIME (iti
,erved to exist In the system at about 80 eq % Si and 80 eq. % O’~. Therefore , 1 002)Ir’ ( C )  9oo cis reasonable to assume that all the chemical reactions took place In the liquid x 0.2 

~

- 
B (320) line,fat e o.~ - ,-‘ f ~~hof p~usasd$ Si g *4Q4 N,

‘ittice parameters of the ~-Si 3N4 solid solution were measured for samples I i~ 
—

- ttered at differen t temperatures for different times. The lattice parameters sihTE~ lNG TIME (is)
‘ ore determined by x-ray diffraction using high angle lines. The results are Fig 10 X- ray diffr a~tron rO broaorting of the l’a-Sir)la phase sintered at different

‘~otted in Fig. 9 versus time at constant temperatures. The 1 500-C curve rep- t•mpira tu’~s as a t”c:’o’ of sintering time.
~rsents low temperature behavior P’ld the 1 900°C curve represents high (ci at I 500 ’C. o. ill 70C C. (c~ at 1900°C
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temperature behaviour The results showed that the ~-Si3N4 solid solution
formed at the beginning of the reaction contained low aluminium concerltra- ft

ti on. Higher aluminium concentration solid solutions formed at the late; state of J ~~j  ~~~~~~~~~~~~~~~~~~ 
h%~f k..J

the reaction X values n the formula Si5.~At~N5~~O~ are also plotted.

~ 0o ~~~~~~~~~~~~~

/ Fig 13 X-ro/ diffraction patT erns o’ ~60 ~~cri po s- to n flred at 1950 °C for different
/ Ie .ct~ of I— n e

longed heating. the x- ray diffraction liriCs became sharp again. The initial
broad peaks for the 1 500-C sinte ed sancplos can be explained as small parti-
cle s.ze of is-phase during sinter ig
The results shown in Fig 9 (lattice parameter) and Fig. 10 (line broadening)

Fig ~~ . - 
can be interpreted as homogenization o t the 3-Si 5N4 solid solution. i t  the be-
ginning of the reaction , ve’-/ fine particles of ~-Si3 N4 containing low aluminium

sintered at 195O~C ~~ 
concentration formed. Th s gives ower latt ice parameter value and sharper dif-

rent length of 1mB. fract ;on lines Solid solution of dit’erent aluminium concentration formed later
during the reaction and depesited art the already formed I~ S~ 3N a surface. This
will give a broader diffraction ani peak at a tower diffraction angle. Sample
heated for 3 hours showed lower ~ ffract ion angle and sharper diffraction lines.

C. - ~‘ This indicates homogenization o~ the solid solution grains.
1 2 3 r ~~“ I The nomogenization with i -r each grain should be the resutt of diffusion in the

X-r ay diffraction line Drcadening of I-phase was observed for some of Inc sin- solia state Inrough the ~-S’ 3N4 so -d solu’ion lattice. However , in diffusion cou-
tered samples The line .vidths and heights were measured for (002) and 3201 pie experiment s in no measurable homogenization could be observed when
~rffracti on lines The results are plotted in Fig. 10 as Width to height rat ios vs. differen l alurntniun- conta ”ting ~-S 3 N0 Sol id solution slabs werefusedtogether
sintering time at differe nt temperatures In general, sharper peaks were ob- andheatedfor one hourat l800 C Theseresultsseemto bein conflictw iththo
served for the shorter s ‘-rtering time and broadened for longer tine. After pro- sintening results.
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~~~~ ~ phase are plotted in Fig. 12. No other cry~taItine
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.:4~~~~~~~ ~~~~~~The x-ray diffraction traces of these specimens are
2 rain . ‘ 30 m m .  given in Fig. 13. Note the higher backgroundof the
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Conclusion
The sintoring behaviour of Si02-AIN mixture can be discussed on the’basis of

100 . “chemical reaction” , “vaporization” and “densiflcation”. The moderate density

If 
‘S - -. decrease at low temperatures (1 400—i 600°C) is due to “chemical reaction’s.

- - . 
- -. Because there was no sample shrinkage and the reactIon products have

higher densities than the starting materials , the apparent density decreased. At
intermediate temperatures (1 600°-i 800°C), small amounts of liquid formed

~ 80V and located at the open channels In the specimen. The vapor pressure at these
a temperatures becomes high and heavy weight loss resulted, hence low sin-

70 toned densities At high temperatures (>1800°C), large amounts of liquid
formed , sealing open pores. This reduction of the total liquid surface area re-

so sults in lower weight loss and higher sintered density. At the same time, large
amounts of liquid enhanced densitcation and facilitated chemical reaction.
At high temperatures (1 800°C and above), crystalline n-phase and liquid only

so , ex isted and the amount and composition of ~t’ increased with time. It is reason-
able to conclude that the composition of liquid changed with time too. These
results supported the concept “transient liquid phase sintering” proposed by
Layden9. This Is very reasonable because for this composition liquid should be

i~~~ 3 ‘5~~~ ieo~ ‘‘:: 8:: -°:: one of the intermediate phases during reaction.
Fig. 15 Bulk densiTies of various powder mixtures afte’ I hov sintering at different
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Grain growth was observed in these samples as shown in Fig. 14 . The crystals AFOSR—76--3078 and the Ministry of Research and Technology (BMFT) of
FAG.in these mixtures are ~-Si3N4 solid solution, therefore, one can conclude that

nitrogen species diffuse through the liquid, hence the glass should be a nitro-
gen containing glass. References

1. Y. Oyama and Kamigaito , “Solid Sotubility of Some Oxides in Si,N4”. Jap. J. Appi.
The slope change in the time dependence of the shrinkage curve (Fig. 11) can Phys. 10, (11), 1637 (1971).
be interpretated as “melting” and “crystallization for the two distinctively 2. K. H. Jack and W. I. Wilson, “Ceramics Based on the Si-Al-O-N and Related Sys-
separated regions. In the initiat stage. the sharp volume changes are due to tems”, Nature Physical Science, 238 (80), 28—29 (1972).

3. K. H. Jack, “Nitrogen Ceramics”, J. Brit. Ceram. Soc. 72 (8), 376—86 (1973).melting and pore removal . The slight increase in shrinkage in the later stage is
4 . V. Oyama, ‘Solid Solution in the Ternary System Si,N~-AtN-AI3O3”, Jap. J. Appi .the result of crystallization of (3-phase from the liquid, since the density of the Phys . 11 —.5— , 760— 1 (1972)crystalline phase usually has a higher density than the liquId of the same corn- 5 L. J. Gauckler , H. L. Lukas and 6. Pelzow, “Contribution to the Phase Diagram 

-

position, Si3N4-AIN-A150s-SiO2”, J. Am. Ceram. Soc., 58 (7,8), 346—7(1975).
6 L J. Gauckler and 6. Petzow, “Representation of Mutticomponent Silicon Nitride

Based Systems ’ - , Nitrogen Ceramics, NATO Advanced Study Institute, Aug. 1976 (In
Siritering of Single Phase (3-S13N4 Solid Solution Powder: Hot pressed press).

7. K H. Jack. ‘ Sialons and Related Nitrogen Ceramics”, .1. Mat, Sc 11, (6), 1535—58(3-Si3N4 solid solution ha’.-:ng the same composition as ‘he Si02 -AIN mixture (x 11976)
= 4) was pulverized and compacted. The x-ray diffraction pattern showed the 8 P 1. Land, J. M Wimmer , A. W. Bums and N. S. Choudbuly, “Compounds end
hot pressed material is a well crystallized single phase (3-S13N4 solid solution. Properties of the Si-Al-O-N System”, Tech. Rep. AFML-TR-75-209, April 1976.
The compacts were heat treated for one hour at different temperatures . The 9. 6. K. Layden, ‘ Process Development for Prossureless Sintering of SLAION Ceramic
fired densities are plotted in Fig. 15. There is a slight density increase when the Components , Rep. R75—91072—4 , United Technology Research Center, Feb. 1976.
specimen was heated at high temperatures. DensIty changes of pure Si3N4 10. L. J. Gauckler , S. Boskovic , 6. Petzow and 1. V. Tien, “Status Report on Denslilca-
compact s are also shown in the same figure for comparison. The pure Si3N4 lion of 13-Si 3N. Solid Solutions Containing AINAI5O3 During Chemical Reaction”, Nit-
compact did not densify atall However, it is not conclusive whether the dens- rogen Ceramics. NATO Advanced Study Institute, August 1976 (in press).

11 L. J. Gauckler , “Phase Equitibria Studies In the Systems Si,Al/N ,O andification of the single phase solid solution is the result of solid diffusion. The Si,AI .Be/N ,0’ Ph. 0. Thesis , Stuttgart (1976).
possibility of the presence of liquid at that temperature cannot be ruled out. 12. I. K. Naik , 1. J. Gauckter and T. V. Tien, “Liquldus Surface In Part of the Systems
The densification curve for the Si02 -AIN mixture is replotted in the same figure S Al/N O”, to be published.
for specimens heated for one hour at different temperatures. i3. Ruska and L J. Gauckler , BMFT Report No NTS 27.



Reaction Sintering Forming ~-Si3N4 Solid Solutions
in the System Si, Al/N, 0
II. Sintering of S13N4 — S102 — AIN M ix tures
S BOSKOVIC’ . L. J. GAUCKLER . 6. PETZOW’ arid T V TIEN

Abstract
Reaction sinlenng of lt-Si ,N~ solidsolulion containing 30.50 and &J e,~j iva ie . t  perc~’rit of via trans ient liqu id phase sinlering todensities greater than 96°c of theoretical density. In-
aluminium in the system Si At/N . 0 was investigated The starti ”g ‘~‘~a ’s ‘Y th is S iidy creasing amounts oh -Si,N~ in the starting materialS reduced weight losses to less than 2
were ri-Si3N4. AIN and quar’,z for m of SiO~ Specimens of composiiona cou’d dens hied WI - °,, for one hour siniering time

Hersteilung von )t’SIiN a Ml,chkrIstalIen durch Reaktlonssintern konnlen durch Reaktionssintern m u  temporar auttretendor Schmelzphase auf uber 96%
Es wurde des Reaktionss r’.temn von )t.Si3N, MiSchkristailen mit 30 5C Lfid 60 Aquivalent- dem theorelischen Dich’e verdichtet werden. Werkstücke mit hohem ii-Si3N4-Gehalt im
prozent Aluminium im System Si. Al/N. 0 unlersuchl Die Ausgangs ’-?r a ~n fur d ese Ausgangspulver zeigte~i num noch geringe Gewichlsverluste (< 2 Gew -%) nach einer
Arbeit waren u-5i3N0. AIN und Si01 in Ouarzform Proben a l er dre Z_ sari-me-i~etzur’gen Siunde Sinterze t

Production de solutions solid.g de ) -Si,N, par frittage av.c reaction,
La present rapport ditcrit Ic fr ittage par reactio n des solutions do 

~‘ 
S N, .or”e ant 30 50 trois compositions oft Pu étre densities a plus de 96% do Ia densité theorique par frittage

et 60%d’alumin,um dens Ic système Si, Al - N 0 Les rrrelangns do pc-.~dre ud- .i”s pour (dO avec reaction en phase iquide Les poudres conlenant beaucoup do Si~N. ne mOnlraient
travail consistaient do ii’SiiNa. AIN ci do SiO2 sous forme do qi~artz Les specimens des qua peu de perle de pods 1< 2°c) après une heure de kitiage.

Introduction same composition in BN lined graphite crucibles and were sintered in a carbon
In a previous paper ‘,we have reported that high density i-~SiN 4 solid solution resistance furnace for one hour at temperatures from 1400 tot 900°C. Sintered
ceramics (having a formula (3-Si8. ,AI,O,N8., where x ~ - 4) could be obtained densities , weight losses and phases present wore determined after each heat
by reaction sintering without applied pressure. The starting materials used for treatment.
that experiment were one mole of Si02 and two moles of AIN The results indi-
cated that densification and chemical reaction took place in the presence of Ii- Table 1 Starting Materials
quid. The liquid was formed in the beginning of the reaction and the composi- Chemicals Surface 

— - -  

Parlicle Oxygen Nitrogention of this liquid was rich in Su02 2 The (3-Si3N4 solid sol-Jtion grains wnre area IBETp size
formed by double exchange reaction between the Si02 rich liquid and AIN crys- — ,__,. . - _ _ _ _. -..—-.--‘ ,. ,., —- ________

tals. lnthemeantime , thepowdercompactdensified whentheamountofthe li- s- or — 52 im — —

quid was sufficient. At the end of the reaction the liquid was consumed AIN 20 rn’fg 2 5  1im 1.4 wt% - 32 I wt%
It has been shown by Gauckler of al. that the mechanical properties of the (3~ 

- Si3N0 90 m°/g 2 5 wt% 27.0 wt%
F Si6 - Al 0 N6. ceramics with lowerx values are superior to those of the higher —

~ 
- ‘.‘

~~~~~~~~~
—‘  

_______________ — .__________ -

r . . - . . , . . . - SiO, ‘S in qua riz for ’~’ be ’~re using it was ground to, 4 ii in an agate pianete’y ball miiix valu es. This invesligation was designed to test if additional Si3N4 can be dis-
solved in a Si02-AIN mixture forming fl-S13N4 solid solution ceramics with lower Results and Discussion
x values. Relative apparent densities after sintoring at different temperatures are given
The compositions studied were (330 and (350 (x = 2.18 and x 3 14 respec- in Fig. 1 . For comparison , the results for (160 from the previous paper ‘ are also
tively when x = 4 . i e., (360) These compositions can be regarded as (360 plus plotted in this figure These result showed that high density (3-Si3N4 solid sotu-
various amounts of Si3 N4 tion ceramics containing 30 and 50 equivalent percent of aluminium ((330 and

— 150 respectivel y) could be obtained by reaction sintering without applied pros-
sure. As shown fl Fig I the sintered density of (330 ceramics is higher than

~~ 

100 - 
. that of (150. and 50 is higher than that of 1360 for the same heat treatment. At

I the highest lempera’ ire used in this experiment . 1 00°c dense ceramics were
/0 , , 

obtained for all compositions studied.
¶ 93 . Weight losses after sintering are given in Fig. 2. From these data, one can con-

/ d ude that the densification of these mixtures is closely related to their weight
/ losses One can consider there are two competing processes during sintering:

~ d 60 - / i Vaporization and liquid phase sintering. The reaction steps should have been

~ / as follows - 1) SiO2 and AtN react to form Si02 rich liquid. 2) liquid reacts with
- 

-
~ ~ 3o / AIN and Si3N4 and 3~ lt-Si3N4 solid solutions precipitate. Densification can only

70 / be accomplished when vaporization is low and the amount of liquid Is sufficient.
- l~ 50 ,/ This is clearly demonstrated when Fig. 1 and 2 are compared.

-
. ~~~~~~~~~~ The phases present after sintering are given in Fig. 3. The phase x 1 appeared

60 

, 

isaxx
~~

: _ _.~~__ !9,_,.
/ in some of the specimens after sintering As shown by Naik et al. 2, the pre-

1400 1600 l8~C °C
S

Fig, I Relative apparent density ci of spec imen sintered for I h at different tern- II 60
p.ratures 1

ci 
_ _ _ _ _

,, I 

A
d apparent density related to theoretical density ID Ibtiik density of specimen
I, the amount of each phase e

the true density of each phase 2 II 50
Exp.rimental
Appropriate amounts of Si,N4, Si02 and AIN powders were blended in a hard
metal mill under alcohol for one hour The characteristics of the chemicals are 1 ~~~~~
given In Table 1. The mixtures were dried and compacted under an isostatic i .~ t_ .. i. ._ . i .~~~i .

pressure of 650 MN/m2 . The pressed compacts were packed in powders of the 1400 1600 1000 • C
Boris Kidric - inst,iute of thj5e.sr Sciences Beigradi Vugoltavia Ad “ re ‘- “ate,, wOrk was done. t —~~~~

.:: ~~~~~~~ ‘
~~~~~~~~~~~~~~~ ‘~~~~

‘°
~~~ ~~~~~~~~~~~~~~~~~~ ~ ~~~~~~~~~~~~~~~~ 

FIg. 2 W.ight losses of ep.cim.ns l w . w , sintered for one hour at different tern-



— -- . . - higher temperatures more aluminium oxide and n’rtride dissolved in the liqu’idit 3O . 5-C ~, . 60
- ,.,‘—. and became more stable. This may explain the high weight losses and tow

densities for specimens sintered at temperatures of 1600 and 1700CC.
The higher the SiO? content in the starting mixture (in the Si03, Si3N4 AIN
series), the larger the quantities of Si05 rich liquid which will be formed upon
heating Therefore higher weight losses will be observed. This explains the
higher weight losses observed for the (160 versus (150 and (150 versus (130.

- Work is in progress at the present time to measure the vapor pressure at differ-- 

~
-\
N
: :‘-.

- ant temperatures for different powder mixtures giving the same final composi-
tion After this. it is possible that a better understanding can be obtained

~~

- 

~~~~~~~~~~~~ 
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D’~ring the course of reaction sintering studies of the

B_ Si6_~
.kl
~
O
~
N8_~ 

solid solutions (1,2,3), we have observed drastic

differences in densification behaviors when different chemicals

were used as starting materials. However , detailed mechanisms -
for the chemical reaction and densification are stil l not under-

stood . It is felt that further studies are warranted . In this

paper , we deal with only one composition--Si2A14O4N4. The re-

action sintering of the same composition has been reported

previously (2). In the previous paper (2), the starting materials

used were a mixture of S102 and A1N. The same composition can

also be prepared by using a mixture of S13N4, A1N and A1203.

The results obtained from the reaction sintering of Si02

and A 1N mixture  indicated that densification and chemical re-

act~ o’i took place in the presence of liquid. The liquid was

formed in the beginning of the reaction and the composition of

this liqui d is rich in Si02 (4). ~—Si3N4 solid solutions were

formed by double exchange reaction between the liquid and A1N

crystals. In the meantime, the powder compacts densified .

It has been shown by Naik et al. (4) that the lowest melting

liqui d in the system Si,Al/N,O is located at the Si02 corner

containing 10 eq ..% of aluminum and 10 eq.% of nitrogen . This

composition lies on the line connecting the Si02 and MN corners

in the phase diagram (5). During the reaction of Si02 with A1N,

this low melting liquid must have been the first phase formed .

As shown by Naik et al. (4), this composition melts at a tempera-

ture about 1400°C. This liquid region is being separated from
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the 5 phase below 1700°C by the tie line Si2N2O-X 1. Two iso-

thermal planes of the Si ,A l/N,O diagram are shown in Figure 1.

At temperatures above 1700°C , X1 melted and the liquid

d issolved more A1N and became aluminum rich and the join X1 —

Si2N20 disappeared . These aluminum rich liquids are then at

equilibrium with the B phase.

Naik et al. (4) have shown that the weight loss for Si02

rich liquids was much higher than that of the aluminum rich

li quids at all temperatures. The formation of the Si0
2 rich

liquids must have been the cause of the heavy weight losses and

low sintered densities of some of the Si02, A)N mixtures.

The composition, Si2A14O4N4 blended by mixing Si3N4, JUN

and A1203 should not form the low melting li quid upon heating ,

until the temperature reaches slightly below 1700°C. Therefore ,

one would expect that the reaction sintering behavior of the

mixture S13N4, A1N and A1203 would be different from that of

the mixture Si02 and A1N. The weight loss for the S13N4, A1N,

A1203 mixture should be lower than that of Si0
2 and A1N mixture

because the Sb 2 rich li quid is not in the triangle formed by

these three chemicals. This experiment was designed to test

this postulation .

Appropriate amounts of Si3N4, A1N and A1203 powders giving

composition Si2A14O4N4 w ~ blended in a hard metal mill under

alcohol for one hour. The characteristics of these chemicals
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are given in the footnote . The mixture was dried and compacted

under an isostatic pressure of 650 MN/rn 2 . The pressed compacts

were packed in powders of the same composition in alumina

crucibles and were sintered in a graphite resistance furnace at

1400 to 1900°C for various lengths of time. Sintered densities,

weight losses and phases present were determined after each heat

treatment. The detailed experimental procedures can be found in

reference 2.

Relative apparent densities of specimens sintered at different

temperatures for different lengths of time are given in Figure 2.

The specimens sintered at 1400 to 1600°C showed very little or

no densification. Densification began at 1700°C and rapid reaction

and densification were observed for specimens heated at 1900°C.

Phases present at different stages of sintering were analyzed

and the results are given in Figure 3. These curves show that

very little or no reaction occurred at 1500°C, and reaction began

at 1600°C. These results should be compared with that of the

reaction sintering of the mixture Si02—A1N. For the Si02—A1N

mixture, the reaction already began at 1400°C.

Content
Specific Mean Particle (wt.%)

Surface Area Size -
Sample (m2g 1) 

_____________ 

02 N2

A1N 2.0 2.5 1.4 32.1

ci—Si
3N4 . 9.0 —— 2.5 27.0

cz—A 1203 7.8 0.5 —— ——
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Lattice parameters of the B-phase formed at different temper-

atures and time were measured . No noticeable lattice parameter

change was observed for specimens sintered at temperatures above

1700°C. Specimens sintered at 1600°C,showed that the B-phase

contained lower concentrations of aluminum in the lattice.

The weight losses after sintering were measured and the

results are given in Figure 4. The weight losses were very low

compared with our previous results (2).

Bulk densities of specimens sintered for one hour at

different temperatures for tne same composition using different

starting chemicals are striking. Pre-reacted Si
2A14O4N4 did not

densify at all. Densification was observed above 1800°C for

Si02 
and A1N mixture. For the specimens using S1

3
N4 , A1N and

A1203 as starting materials, noticeable densification was observed
.

at 1700°C.

The lack of low melting Si0
2 

rich li quid may have been the

major cause of this difference in sintering behavior. The low

melting Si02 rich liquid could only form from the surface oxygen

on the Si3N4 particles. The low melting liquid could have

vaporized before the chemical reaction proceeded further. The

presence of X2 and the absence of X1 confirmed the vaporization

of the high Si02 containing liquid. This may have been beneficial

because the liquid formed at higher temperatures at the later

stage should contain more alumina which is more stable.

Specimens sintered at 1600°C showed that the chemical

reaction had already begun, even though no densification was
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observed . The decreasing amount of in~~ivid ual starting chemicals

should be discussed separately. A1N crystals were consumed to

react with the surface Si0
2 layer on the Si

3
N
4 crystals to form

liquid. At the same tirire, cz—Si3N4 
converted to B—Si3N4 in the

presence of the low melting liquid. Si2N2O was never formed (as

shown by the x—ray data because of the kinetic reaction, there-

fore, the tie line between X1 and S12N20 did not exist. The

formation of X2 could be interpreted as an intermediate phase

formed between A1N and the liquid.

At 1700°C and above, Si
3
N
4 

and A1
2
0
3 

contact points start

to melt giving aluminum rich liquid and 5 solid solution .

Further reaction between the li quid and A1N would have resulted

in the B formation . This could explain the rapid densification

at t~niperatures as low as 1700°C. Since the liquid formed

contains more aluminum, the weight loss was low and the liquid

formed helped the densification.
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Where f1 is the amount of 
each phase, and

~ p .gr.j is the 
true density of each phase.

The amounts of phases were determined by x-ray

diffraction as shown in Fig. 3.
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Various metal oxides such as c
~
12O 3S Y 203 and MgO have been shown to be

useful densifying aids in fabricating high—density ceramics from S13N4 powder.

-It is necessary to know the phase equilibria in these Si
3
N
4
—metal oxide

systems to understand the densification process and to get structurally well—

characterized nitrogen ceramics which would give predictable and reproducible

properties. For treating phase eçuilibrla , the reciprocal systems can be

represented in terms of the constituent elements as S1,M/N,O where M is a

metal such as Al, Y and Mg.

Subsolidus phase equilibria in the Si,Al/ N,O and Si,Y/N ,O systems have

been studied in detail (1—4). Solid—liquid equilibria at 1750°C in the

Si,A1IN,O system have also been reported (5). The combination of these two

systems gives a quasi—quaternary system S1,A1 ,Y/N,O. The study of phase

equilibria in the Si,Al,Y/N ,O system is necessary to understand the effects

of A1
2
0
3 
and Y2O3 

used together as the densifying aids.

The starting powders used were aluminum nitride ,~ silicon nitride,~

alumina ,~ silica ’ ’  and yttriaT~ . The oxygen-contents of the nitrides were

taken into account in making up the compositions. The compositions investi-

gated were restricted to the region boun ded by the points S13N4, A1N, A1203,

Si02 and Y2
0
3 
in Fig. 1, because it was difficult to obtain and maintain

yttrium nitride in a chemically well—characterized condition. -

HCST No. 2633 , combined o x y g e n = 2 . 9 % , H. C. Starck , Ber lin , W. Germany .

~Contro1led phase 85; cz—Si.~N4= 83%; ~—Si3N4 l2%; combined oxygen=l.8%;
Kawecki—Beryleo Industr1e~ , Reading , Pennsylvania .

~Linde A or calclned alumina A—16; >99.5% A1203; Aluminum Company ofAmerica, Pittsburgh, Pennsylvania.
+tFlint #25; >99.5% Sb 2; Rovin Ceramics , Dearborn Heights, Michigan.

14Molycorp No. 5600 yttrium oxide , 99.9% pure.



The selected compositions were made by mixing the requisite amounts of

the starting powders in polyeth ylene bottles using tungsten carbide balls

and high purity methanol as the mixing media. The mixtures were dried in

shallow glass discs over a laboratory heater and then cold—pressed into

3.3 cm diameter x 1.3 cm thickness pellets at 110 MPa. The pellets were

placed in screw—top graphite crucibles which were lined with boron nitride

to avoid direct contact between the pellets and the graphite crucibles. The

graphite crucibles were placed in a large resistance—heated furnace that used

a graphite heating element. Firing of the specimens at 1550°C was carried

out in nitrogen at atmospheric pressure. The heating rate was 200°C/mm and

the holding time at 1550°C was 1 hr. The specimens were cooled in the

furnace at a rate of about 200°C/mm to 800°C. Further cooling to room

temperature was somewhat slower. Samples with less than 2% weight loss upon

firing were considered for deriving the phase relationships.

Selected specimens, some of which showed continued presence of ct—Si3
N
4

after first firing , were ground and refired to obtain equilibrium phase

assemblages. Equiltbrium was assumed to have been attained when the number

and type of phases did not change with increased firing time or upon grinding

and refiring. This procedure indicated that when the amount of silicon

nitride in the overall composition was less than 60 wt.%, equilibrium was

readily obtained in the first firing. This was also the case when some

li quid (> about 10%) was formed in the samples at the firing temperature.

About 50 compositions were fired at 1550°C to obtain .the phase relation—

ships. The compositions that contained substantial amounts of glass af ter

firing were annealed at 1150 to 1250°C for extended time (about 24 hours) to



devitrify the glass. Subsolidus phase relat 1’~nships in the region that is

liquid at 1550°C were obtained by this devitr ification treatment.

The fired speciuiens were examined by x—ray diffractometry and optical

microscopy to determine the number and type of phases present. An automatic

recording diffractometer with monochromated CuKa radiation was used to scan

the powdered samples between 10 and 80° 2~ at a rate of 2°/minute. Standard

optical microscopy was used for microstructure observation . The compositions

made , heat treatment used and the phases observed are listed in Table 1*.

The quasi—quaternary system Si,Al ,Y/N ,0 has three independent composition

variables. Therefore , the subsolidus phase relationships in the system can

be represented in a triangular prism shown in Fig. 1. The known compounds

in the oxide ternary Y
2
0
3
—A 1203

—Si02 and the quasi—ternaries Si,Al/ N,0 and

Si,Y/N ,O are indicated in this figure. A four—phase field can be represented

as a tetrahedron in this prism. The volume of the prism is filled by such

tetrahedra . The faces of a tetrahedron are , generally, three—phase regions

and the edges generally represent binary equilibrium. However, in case of

extended homogeneity range in one of the phases , the face will be a two—phase

region and the edge a single—phase line. The important compatibility regions

found in this system are shown in Figs. 2 and 3. These are Si
3
N
4
—860—Y2

0
3’

2SiO
2
—3Y2

0
3
5A1

2
0
3 

tetrahedron in Fig. 2 and x1— 3A12
0
3
’2Si0

2
—A1

2
0
3
—Y2

0
3
2Si0

2

and x1— 3Al2
O
3~

2SiO
2
—Y

2
O
3
•2Si0

2
—SiO

2 
tetrahedra in Fig. 3. Here 860 is

8Si6~~
Al
~
0
~
Ng~~ 

solid solution containing 60 eq.% Al , i.e., x = 4.00.

3Y2O3~5Al
2
0
3 
is the well—known cubic yttrium—aluminum garnet. The yttrium

disilicate Y
2
0
3
2Si0

2 has four polymorphic forms c*, B, y and 3 and their

identification was done based on the work of Ito and Johnson (6). Other

*Table I will be deposited in the Data Depository Service.



compatibility tetrahedra in the system are listed below.
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0
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0
3
•Al

2
0
3
—Y203
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0
3
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t

V

No quinary, i.e., five—component , compounds were found in the part of

the system investigated here. 2Y203~Si2N2O and 2Y203 A1203 are isostructural

having a monoclinic structure. They form a complete series of solid

solutions involving interchange of Si—N and Al—a pairs (7). Y203’Si2
N2O

probably has the same structure as the high temperature phase Y
2
O
3

A12O3.



However , Y203 A1203 was not observed in the specimens made at 1550°C. It is

reported to be stable only above 1835°C (8). H phase has the apatite

structure and its formula is Y5
(Si0

4
)
3
N which can also be represented as

(Y203 5i2N20)4(Y203~~b02). The homogeneity ranges of the phases

y
203 512N20, Si3

N4~Y2
0
3 and Y5(Si04)3 are limited . This aspect of the phase

diagram needs further investigation. There is no phase in the Si,Y/N ,O

plane corresponding to the garnet 3Y203’5A12
0
3
.

It is known that the high temperature mechanical properties of hot—

pressed and sintered silicon nitride ceramics fabricated using MgO or Y203

as sintering aids are limited by the presence of a glassy phase at the grain

boundaries. The compatibility relations found here will be useful in

develop ing ~—Si3N4—based ceramics which have a more refractory crystalline

second phase instead of the glassy grain boundary phase. This will signif i—

cantly improve the high temperature mechanical properties of these ceramics.

P
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